Abstract. The pistachio psylla, Agonoscena pistaciae Burckhardt & Lauterer (Hemiptera: Psyllidae), is a major pest of pistachio trees throughout the pistachio producing regions in Iran. The effect of temperature on the developmental rates of eggs and nymphs of A. pistaciae was determined at different constant temperatures, i.e. 15, 20, 25, 30, 32.5 and 35 ± 0.5°C. The relationships between temperature and developmental rates were described by linear and the non-linear Lactin models. These models were evaluated based on R 2 , RSS, AIC and R
INTRODUCTION
Pistachio, Pistacia vera L., is one of the most important horticultural products in Iran. The pistachio psyllid, Agonoscena pistaciae Burckhardt & Lauterer (Hemiptera: Psyllidae), is a major pest of pistachio trees in all the areas of Iran where this plant is grown. This pest sucks sap from the leaves, which damages the plant and reduces yield. This pest has several generations per year and is controlled by applying chemical insecticides several times each year (Razavi, 2005; Samih et al., 2005; Hassani, 2009) . Temperature is an abiotic factor influencing the dynamics, rate of development, reproduction, mortality and survival of arthropod pests and their natural enemies (Campbell et al., 1974; Honek et al., 2003; Tokuda & Matsumura, 2005; Ozder & Saglam, 2008) . The relationship between developmental rate and temperature is an important ecological variable in models of the population dynamics of insects (Wagner et al., 1984) . The relationship between temperature and developmental rate could provide useful parameters for predicting the development of this pest and for determining the optimal time to release natural enemies (Arbab et al., 2008) . It is easy to calculate the minimum temperature threshold using linear regression but not the maximum and optimum thresholds. Briere & Pracros (1998) state that in insects, the relationship between developmental rate and temperature is nonlinear and asymmetrical. The linear model not only fits the linear portion of the relationship between developmental rate and temperature but provides an easy way of predicting the lower temperature threshold. Moreover, it is the only equation that can be used to calculate the thermal constant (Jervis & Copland, 1996; Haghani et al., 2007) . The lack of linearity in the developmental rate at low and high temperatures indicates that this model is unlikely to provide accurate predictions of the temperature thresholds. This has led to the development of several non-linear phenological models for use in integrated pest management programs (Wagner et al., 1984; Worner, 1992) . The basic idea of non-linear regression is that a response Y is not linearly related to a predictor variable X. In non-linear regression the prediction depends on one or more unknown parameters. Whereas linear regression is often used in empirical models, non-linear regressions are used when there are reasons for believing that the relationships between the response and the predictor has a particular functional form (Smyth, 2002) .
The objective of this study was to determine whether a linear or the non-linear Lactin model better describes the effect of different constant temperatures on the developmental rate of the immature stages of A. pistaciae reared under laboratory conditions and in addition can be used to obtain estimates of the lower and upper temperature thresholds and optimum temperature. This information can be used to forecast the abundance and phenological development of this pest.
MATERIAL AND METHODS

Rearing method and experimental conditions
The eggs and nymphs of A. pistaciae were reared in the laboratory on pistachio leaf disks in plastic Petri-dishes (6 cm diameter and 2 cm high). To provide ventilation, there was a hole in the middle of the lids covered with a piece of fine netting. Agar medium (10 -1 g L) was used as a source of moisture 2 adj. The estimated value of the lower temperature threshold for egg, nymph and egg to adult development based on the linear model was 8.06, 10.38 and 9.97°C, respectively, and based on the Lactin model was 8, 11.55 and 11.2°C, respectively. Thermal constants estimated using the linear model, were 88.5, 243.90 and 333.33 DD, respectively, for egg, nymph and egg to adult development. These results indicate that the linear model gives a better description of the relationship between developmental rate and temperature for A. pistaciae than the non-linear model. These results could be incorporated into forecasting models used in the integrated pest management of this pest.
for the leaf disks. The disks of pistachio leaf (cultivar Ohadi) were cut to the same diameter as the dishes and each placed on a 3 mm thick layer of agar medium. To determine the effect of temperature on the development of A. pistaciae the eggs and nymphs were reared at a constant temperature of 15, 20, 25, 30, 32 .5 or 35 ± 0.5°C, a photoperiod of 14L : 10D and 50 ± 5% RH in a growth chamber. Eggs were obtained by releasing 5 mated females of A. pistaciae onto a pistachio leaf disk and removing them after 8 h. To determine the development time of the eggs, all pistachio leaf disks were examined every 8 h and the number that had hatched recorded and the first-instar nymphs transferred to a new pistachio leaf disk. The nymphs were also examined at 8 h intervals to determine their developmental time. The nymphs were provided with fresh pistachio leaf disks every 3 days until they reached adulthood.
Effect of temperature on development
The results of rearing A. pistaciae at six constant temperatures were used to calculate the developmental times of the eggs and nymphs. Mean developmental rate of the different stages of A. pistaciae at the various temperatures was estimated using the following equation
where r(T) is the mean developmental rate at temperature T (°C); dt, is the observed development time in days; and n is number of observations. This method is recommended by Logan et al. (1976) and takes into account that the transformation of development time to developmental rate linearizes the relationship between dt and T (°C). These rates were used in the nonlinear regression model to calculate the critical temperatures (tmin, tmax and topt).
Linear model
The linear model, Campbell et al. (1974) , was used to estimate the lower temperature threshold (T0) and the thermal constant ( The linear model only includes the rates of insect development [r(T)] that are on the linear part of the developmental curve of an insect; for this reason, data values for egg at 35°C and for nymph and egg to adult at 32.5 and 35°C that deviated from the straight line were not included when this model was used to calculate the lower temperature threshold and thermal constant. The linear relation between temperature and developmental rate simplifies the mathematics associated with calculating durations, and is the basis for estimating the cardinal values (T0 and K) (Trudgill et al., 2005) .
Non-linear model
A non-linear model (Lactin et al., 1995) was used to estimate the upper and lower temperature thresholds and the optimum temperature for the development of eggs, nymphs and egg to adult stage of A. pistaciae. Lactin et al. (1995) made two modifications to the Logan model (Logan et al., 1976) , resulting in the following equation
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where T is the temperature (°C) and Tmax (upper temperature threshold), , T and are fitted parameters. The parameters of the non-linear Lactin model were estimated using the non-linear regression model of Marquardt (1963) and JMP and SPSS (v. 9.0; SPSS 1999) statistical programs. The lower and upper temperature thresholds were estimated using these equations. The optimum temperature for development is that at which the rate of development curve reaches its maximum value (Arbab et al., 2008) .
Statistical analysis
The normality and homogeneity of data were analyzed using one way ANOVA and the differences between means were determined using the least significant difference test with the P-value set at 0.05.
Evaluation of models
Four criteria were used to assess the performance of the mathematical models:
1. The coefficient of determination and residual sum of square are commonly used for model evaluation.
However, the R 2 value is not appropriate for discriminating between models with different numbers of parameters because models with more parameters always provide a better fit. Therefore, two other statistics that are parameter independent were used.
3. The Akaike information criterion (AIC). With this criterion, the model with the lowest AIC was sought, which is the function that minimizes the loss of information (Akaike, 1974; Ranjbar Aghdam et al., 2009 ). The AIC was calculated using the following equation
where n is the number of observations, p is the number of model parameters including the intercept, and SSE is the sum of the squared error. 4. The adjusted coefficient of determination (R 2 adj).
As AIC is parameter independent a high value of R 2 adj indicates a better fit (Rezaei & Soltani, 1998) . R 2 adj was calculated using the following equation
where n is the number of observations, p is the number of model parameters and R 2 is the coefficient of determination.
RESULTS
Developmental time
The developmental times of the eggs and nymphs of A. pistaciae at six constant temperatures on pistachio leaf disks are presented in The linear regression equations that describes the relationship between egg, nymph and egg to adult developmental rates and temperature is presented in Table 3 . The developmental time for egg at 35°C and and for nymph and egg to adult at 32.5 and 35°C were longer than predicted by the linear relationship between developmental rate and temperature. Thus, data for these temperatures were not included when the linear regression equation was used to obtain the lower temperature threshold and thermal constant.
The developmental rate of egg, nymph and egg to adult of A. pistaciae was used to evaluate whether the linear or the non-linear Lactin model better describes the relationship between developmental rate and temperature. All fitted parameters were estimated using linear and nonlinear regression analyses. The estimated values of the coefficients and parameters of the linear and non-linear models are presented in Table 3 .
Linear model
The linear regression equation describing the relationship between the developmental rates and temperature for egg, nymph and egg to adult stages of A. pistaciae are presented in Table 3 . The high values of the coefficients R 2 , RSS, AIC and R 2 adj for egg, nymph and egg to adult stages of A. pistaciae indicate that the linear model adequately describes the relationship between developmental rate and temperature. The lower temperature threshold estimated by the linear model for egg, nymph and egg to adult stages was 8.06, 10.38 and 9.97°C, respectively. The thermal constant for the egg, nymph and egg to adult stages was 88.5, 243.90 and 333.33 DD, respectively (Table 3) .
Non-linear model
The non-linear Lactin model was used to describe the relationship between the developmental rate of A. pistaciae and temperature. The value of R 2 , RSS, AIC and R 2 adj and the parameters of this model are presented in Table 3 . For the egg stage the Lactin model satisfactorily describes the relationship between the developmental rate and temperature. The R 2 coefficient for the Lactin model is 0.9584 (Table 2 ) and the RSS value is low (Table 2) . Plots of the values for r(T) and curves of the relationships between r(T) and temperature for egg, nymph and egg to adult stages of A. pistaciae fitted using linear and nonlinear models are presented in Fig. 1 The values of the lower temperature threshold for egg, nymph and egg to adult predicted by the Lactin model are 8, 11.55 and 11.2°C, respectively (Table 3) .
The optimum temperature for the development of the eggs of A. pistaciae predicted by the Lactin model is 32.75, which is 3°C higher than the values predicted for the nymph and egg to adult stages, 29.2 and 29.6°C, respectively ( Table 3 ). The upper temperature thresholds for the development of the egg, nymph and egg to adult stages are 38.54, 37.4 and 37.86°C, respectively.
The value of estimated using the model of Lactin et al. (1995) was less than zero (Table 3) , which indicates that this model can be used to calculate the lower temperature threshold. The lower temperature threshold for eggs determined by the Lactin model is 8°C (Table 3 and low values of RSS and AIC for the nymph and egg to adult stages of A. pistaciae indicate that the fit obtained using the linear model more accurately describes the relationship between developmental rate and temperature. The linear model is recommended for describing the relationship between developmental rate and temperature for the nymph and egg to adult stages of A. pistaciae.
DISCUSSION
Temperature is an important factor influencing the dynamics of arthropod pests and their natural enemies (Pedigo, 2002; Gullan & Cranston, 2005) . Knowledge of the temperature thresholds of pests has practical implications as they can be incorporated in phenological models. Phenological models based on temperature have been developed to forecast biological events of insects (Diaz et al., 2007) . The shortest developmental time for the eggs of A. pistaciae was recorded at 32.5°C and it increased from 32.5 to 15°C. The shortest developmental time for the nymphs was recorded at 30°C, below which it increased as temperature decreased and at 35°C it was longer than at 30°C.
The lower temperature threshold for egg development predicted by the Lactin model is 8°C, which is similar to the value predicted by the linear model (8.06°C). The Lactin model successfully describes the effect of temperature on the development of many arthropods (Kontodimas et al., 2004) . The parameter allows the curve to intersect the abscissa at sub-lethal temperatures and thus the prediction of the lower temperature threshold (Lactin et al., 1995) . For nymphs and the egg to adult stage the fit of the linear model had a higher R 2 and lower RSS and AIC values than that of the Lactin model and therefore the linear model provides the best description of the results (Table 2) . Based on the linear model the lower temperature threshold for nymph and egg to adult stages are 10.38 and 9.97°C, respectively. The non-linear Lactin model provided a poorer description of the results. For eggs the linear model also provided a better description of the results than the non-linear Lactin model. Trudgill et al. (2005) suggest that the linear thermal time model applies to both invertebrates and plants and is conceptually and practically useful.
The lower temperature threshold for the egg to adult stage is 9.97°C, which is 1°C lower than that recorded for the male and female of 10.90 and 10.71°C, respectively, in a previous study (Mehrnejad, 1998) . The thermal constant for the development from egg to adult is 333.33 DD. The values recorded for male and female A. pistaciae in a previous study are 227.27 and 238.10 DD, respectively (Mehrnejad, 1998) . The thermal constant determined in this study is about 100 DD higher than that recorded by Mehrnejad (1998) . The thermal constants for A. pistaciae eggs (88.5 DD), nymphs (243.90 DD) and egg to adult (333.33 DD) are close to those reported for Psylla pyricolla egg (84 DD), nymph (252 DD) and egg to adult stages (336 DD) (Brunner, 1984) . The lower temperature threshold for Heteropsylla cubana Crawford recorded in the laboratory and the field are 8.6°C and 9.6°C, respectively (Geiger & Gutierrez, 2000) . These results are close to those recorded for A. pistaciae. The lower temperature threshold for A. pistaciae determined in this study is lower than that of most coccinellid predators of this pest, such as Oenopia conglobata contaminata Menetries (12.76), Coccinella undecimpunctata aegyptiaca Reiche (14.02) and Hippodamia variegata (Goeze) (14.41) (Jalali, 2001; Mehrnejad & Jalali, 2004) . These results indicate that these predators will appear in pistachio orchards after A. pistaciae and disappear before this pest. The thermal constant is used to monitor and model insect development for predictive and descriptive purposes (Worner, 1988) . The relationship between insect developmental rate and temperature reported here is an important ecological variable, which should be included in models of the population dynamics of this pest. Forecasting models can be used to predict when to start monitoring a pest in the field or the optimum time to apply control measures, such as insecticides or release of natural enemies (Akers & Nielsen, 1984; Brunner, 1984; Graf et al., 2006; Diaz et al., 2007; Arbab et al., 2008) . Such a forecasting model could be incorporated into integrated pest management programs of this pest and used to predict when best to either apply an insecticide or release natural enemies.
